ABSTRACT: Although the trophic actions of serotonin (5-HT) are well established, only few developmental defects have been reported in mouse strains with constitutive hyposerotonergia. We analyzed postnatal growth and cortical development in three different mutant mouse strains with constitutive reductions in central 5-HT levels. We compared two previously published mouse strains with severe (−95%) depletions of 5-HT, the tryptophan hydroxylase (Tph) 2 −/− mouse line and VMAT2 sert-cre mice, with a new strain, in which VMAT2 deletion is driven by Pet1 (VMAT2 pet1-cre ) in 5-HT raphe neurons leading to partial (−75%) reduction in brain 5-HT levels. We find that normal embryonic growth and postnatal growth retardation are common features of all these mouse strains. Postnatal growth retardation varied from mild to severe according to the extent of the brain 5-HT reduction and gender. Normal growth was reinstated in VMAT2 sert-cre mice by reconstituting central 5-HT stores. Growth abnormalities could not be linked to altered food intake or temperature control. Morphological study of the cerebral cortex over postnatal development showed a delayed maturation of the upper cortical layers in the VMAT2 sert-cre and Tph2 −/− mice, but not in the VMAT2 pet1-cre mice. No changes in layer-specific gene expression or morphological alterations of barrel cortex development were found. Overall, these observations sustain the notion that central 5-HT signaling is required for the preweaning growth spurt of mouse pups. Brain development appeared to be immune to severe central 5-HT depletion for its overall growth during prenatal life, whereas reduced brain growth and delayed cortical maturation development occurred during postnatal life. Reduced developmental 5-HT signaling during postnatal development might modulate the function and fine structure of neural circuits in ways that affect adult behavior.
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Differences in the peripheral and central 5-HT systems have allowed the design of animal models that lack 5-HT specifically in the brain. 5-HT synthesis is mediated by tryptophan hydroxylase (TPH), which exists as two isoenzymes in vertebrates, TPH1, which is responsible for the production of peripheral 5-HT, and TPH2, which synthesizes brain-derived 5-HT. 15 The existence of two independent 5-HT systems is further supported by differences in specification and determination of the serotonergic phenotype during development, with Pet1 and Lmx1b 16−18 acting as determinants of serotonergic raphe neurons in the central nervous system. 5-HT storage through the vesicular monoamine transporter (VMAT) also relies on different transporters in the brain (VMAT2) and the periphery (VMAT1). 19 Specific lines of mice with genetic deletion of Lmx1b, Pet1, TPH1,2 and VMAT2 have been produced in recent years, but only a few developmental defects have been reported as yet.
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There are however, converging reports of hypotrophy in several of these mutants. For instance, embryonic hypotrophy was reported in the TPH1 −/− line, 21 major perinatal atrophy was found in VMAT2-knockout (VMAT2 −/− ) mice, 22 and postnatal growth retardation was noted in the Tph2 −/− , Lmx1b pet1-cre , and Pet1 −/− mouse lines. 23−27 Here, we conducted a systematic analysis of the growth phenotype of three different mouse strains that all share constitutive reductions in brain 5-HT levels but due to different mechanisms. In Tph2 −/− mice, 5-HT is no longer synthesized in the raphe 23 but is still normally produced in the periphery. In VMAT2 sert-cre mice, where the VMAT2 gene is selectively abolished in all SERT-expressing cells, 5-HT is normally produced but cannot be stored in synaptic vesicles, causing a profound depletion of central 5-HT stores, a partial 5-HT depletion in the blood, but unchanged 5-HT levels in the gut. 28 In VMAT2 pet1-cre mice, a newly characterized model described in the present study, VMAT2 gene deletion was selectively targeted to raphe neurons using the ePet1
Cre mouse line where Cre recombination occurs exclusively in brain raphe neurons, 29 unlike the SERT Cre strain. 30, 31 We find that postnatal growth retardation is common to all these three mouse strains, but varies according to the extent of the 5-HT reduction. Normal growth could be reinstated by inhibition of 5-HT degradation in VMAT2 sert-cre mice, further supporting a causal role of central 5-HT release in sustaining normal body growth. Morphological analyses of the development of the cerebral cortex during postnatal life showed a delayed maturation of the upper cortical layers in VMAT2 sert-cre and Tph2 −/− mice, but not in the VMAT2 pet1-cre mice. Delayed cortical maturation could be due to delayed maturation and small scale migration of the upper cortical layer neurons causing an increase in the density of neurons, whereas layer-specific gene expression or development of the barrel cortex was unchanged.
■ RESULTS AND DISCUSSION Somatic Growth Defects. VMAT2 sert-cre Mouse Line. The VMAT2 sert-cre mouse line has been previously characterized as having a uniform reduction of 5-HT in all brain regions (−95% reductions) in adults. 28 To evaluate 5-HT in early postnatal life, 5-HT immunocytochemistry was performed on brains of P3 and P7 pups. This showed a complete absence of 5-HTimmunostaining in the forebrain and brainstem except in the raphe, where, unlike previous observations in the adult brain, 28 low level 5-HT immunostaining could be observed in cell bodies. (Supporting Information Figure 1A ,B). However, no 5-HT labeling was observed in raphe neuron dendrites or axons and no vesicular accumulation of 5-HT was visible in the cell bodies. In contrast, strong 5-HT staining was still visible in cells of the pineal gland (Supporting Information Figure 1C,D) .
We compared the development of VMAT2 sert-cre mice and control littermates born from female VMAT2 lox/lox , crossed with VMAT2 sert-cre or VMAT2
lox/+ /SERT cre/+ males. In this breeding scheme, mothers have normal serotonergic function, while embryos or pups are unable to store 5-HT. VMAT2 sert-cre pups were born in normal Mendelian ratios, and were initially indistinguishable from control mice at birth and during the first two days of postnatal life ( Figure 1A ). However, starting at P2−P3, pups gained less weight than littermate controls, showing a clear growth retardation at P8 ( Figure 1B ). Growth curves conducted on several litters showed a maximal growth stunting between P15 and P30, when recombined VMAT2 sert-cre pups showed more than a 50% reduction in size compared to control littermates ( Figure 1C) . A trend for the normalization of the growth curve was noted after weaning (after P25) ( Figure 1C) . A clear gender effect was also observed with more severe growth retardation in males than in females (Supporting Information Figure 2 ). Recovery of a normal body size was noted by two months of age in females whereas males were still 20% smaller than their WT littermates.
Unlike previous observations in the full VMAT2
−/− mice, 22, 32 no obvious feeding deficiency could be detected in VMAT2 sert-cre mice: access to mother nipples and suckling did not differ between controls and VMAT2 sert-cre mice. Milk pouches were of similar sizes during the preweaning period. The appetitive behavior of recombined mice toward diverse types of foods (palatable or standard chow) was similar as assessed by time to feed. The quantity of daily ingested food in adults has previously been found to be unchanged. 28 However, other features of postnatal development appeared to be delayed, such as skin and hair growth ( Figure 1C ) and indices of sexual maturation.
To evaluate whether the growth defects of the VMAT2 sert-cre were due to competition with WT littermates, different breeding schemes such as culling litter size or cross-breeding of mutants to mice of a Swiss background were attempted. However, observation of the corresponding mouse litters indicated that these procedures had no or minor corrective effects on growth.
To evaluate the causal role of depletion of 5-HT stores in the growth retardation phenotype, we administered a monoamine oxidase A inhibitor, which prevents the degradation of 5-HT and allows central stores of 5-HT to accumulate. We have previously shown that such treatment significantly increases 5-HT brain levels in adult VMAT2 sert-cre mice, enabling 5-HT release possibly via nonvesicular mechanisms. 28 Clorgyline administered daily (10 mg/kg/day) from P1 to P15, completely rescued the postnatal growth phenotype ( Figure 1D ). However decreased weight gain relapsed after the cessation of clorgyline treatment at P15 ( Figure 1D ). In converse experiments, where the 5-HT synthesis inhibitor pCPA was administered to control C57Bl/6 mice from P1 to P15, an altered growth phenotype was observed with a recovery of growth rate when pCPA was interrupted ( Figure 1E ). 
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pet1-cre Mouse Line. Because both SERT and VMAT2 are transiently expressed in a number of glutamatergic neurons and peripheral organs during development, 30 it is possible that some aspects of the phenotype observed in VMAT2 sert-cre mice could be due to the deletion of VMAT2 in these cells during development. To evaluate this possibility, we carried out raphespecific inactivation of the VMAT2 gene, using the ePet1-cre mouse line, where Cre is expressed exclusively in raphe neurons in the brain.
29 VMAT2 pet1-cre mice were born in normal Mendelian ratios and showed no obvious prenatal growth defect or increase in postnatal lethality in contrast to VMAT2 sert-cre and Pet-1 −/− neonates. 24 In brain tissue homogenates, levels of 5-HT were reduced by 75% at all ages examined: E18 embryos, postnatal pups, and adults ( Table 1 ). The reduction of brain 5-HT levels was uniform in the cortex, hippocampus, striatum, and brainstem (Table 1) . No changes in brain dopamine levels were found (data not shown). The fact that the reductions in brain 5-HT levels was less than those in the VMAT2 sert-cre mouse line suggested that the recombination of the VMAT2 gene in the raphe is less complete under the control of the Pet1 promoter compared to the Sert promoter. Indeed, 5-HT immunostaining showed that approximately 20% of the raphe neurons still contained strong 5-HT content with well-labeled dendrites and axons ( Figure  2A ). However, unlike what was noted in the Pet1 −/− mice, in the VMAT2 pet1-cre mice 33 the residual 5-HT labeled axons were uniformly distributed throughout the brain. This suggested that this pattern reflects a random incomplete recombination, rather than identifying a specific neuronal subtype within the raphe. sert-cre (red diamonds) mice received clorgyline daily (10 mg/ kg sc) from P1 to P14 (n = 4 of each group). The growth rate of the control and VMAT2 sert-cre mice was not distinguishable during the whole duration of the treatment, but a difference reappeared 5 days after treatment discontinuation (ANOVA p < 0.05). (E) C57Bl/6 mice received daily subcutaneous injections of pCPA or saline, from P0 to 15 (n = 5 for saline and 7 for pCPA). PCPA injections caused a growth retardation that became significant from P8 on (ANOVA p < 0.05). After ending the pCPA administration, the body mass defect progressively recovered and the control and pCPA treated groups ceased to be different by P22. pet1-Cre % control striatum 356 ± 2 (n = 4) 95 ± 1 (n = 4) 27%*** hippocampus 483 ± 1 (n = 4) 80 ± 1 (n = 4) 17%*** cortex 454 ± 6 (n = 4) 121 ± 2 (n = 4) 27%** brain stem 615 ± 9 (n = 4) 154 ± 5 (n = 4) 25%** whole brain E18 157 ± 1 (n = 5) 42 ± 9 (n = 2) 27%** whole brain P8 228 ± 2 (n = 3) 54 ± 4 (n = 3) 23%*** a Values are expressed in ng/g tissue ± SEM. Analysis in brain regions was carried out in adult mice. For embryonic and postnatal mice, whole brains were dissected and homogenized at E18 and P8. **p < 0.01 and ***p < 0.001. Indeed, the efficiency of ePet1-Cre-induced recombination has been shown to vary according to the gene that is excised. 35, 36 Despite the lack of an overt growth phenotype, VMAT2 pet1-cre mice showed a significant reduction in weight gain from P7 to P30 ( Figure 2B ). This growth retardation was fully compensated at adult stages when no differences in body weights were detected between adult VMAT2 pet1-cre and littermate controls.
Tph2 −/− Mouse Line. Tph2 −/− mice on a mixed genetic background have been shown previously to lack brain-derived 5-HT (98% reductions in the adult brain), and to exhibit growth retardation during early postnatal life. 23 Here, we evaluated whether this phenotype persists on an FVB/N background after 12 generations of backcrossing, and whether embryonic growth is also affected. Similar to a previous report, 23 Tph2 −/− mice on an FVB/N background were born in normal Mendelian ratios and were indistinguishable from Tph2 +/− littermates at birth. Analysis of late embryonic stages (E14 and E18) did not reveal skeletal, brain, body weight, or size abnormalities ( Figure 3A ,B). However, starting 3−4 days after birth, Tph2 −/− pups were smaller in size, with decreased adipose tissue content and dry skin. This growth retardation worsened up to 4−5 weeks of age ( Figure 3C ) after which a normalization of the growth curve occurred. 23 We showed previously that adult Tph2 −/− mice exhibit alterations in body temperature control. 23 To test whether altered thermoregulation plays a causal role in the observed growth abnormalities during early postnatal life, pregnant mothers were placed at an ambient temperature of 30°C and maintained at this temperature for 2 weeks after delivery. However, increasing ambient temperature had no effect on the growth of either Tph2 −/− or control pups ( Figure 3E ). To evaluate whether deregulation of the hypothalamic− pituitary−adrenal axis may be responsible for the observed growth phenotype, we performed gene expression profiling in the hypothalamus of newborn Tph2 −/− mice. No marked alterations in the expression levels of hypothalamic transcripts were identified (data not shown). Moreover, examination of the pituitary glands in 2-day-old Tph2 −/− mice revealed normal size and structure, and unaltered production of growth hormone (GH) ( Figure 3D) . However, the level of insulin-like growth factor 1 (IGF-1), a primary mediator of the effects of GH, was markedly decreased in the plasma of growth-retarded Tph2 −/− animals at P35 (Table 2) . These results suggest possible alterations in the activity of the somatotropic axis. However, indirect effects cannot be ruled out since a similar trend was observed in body weight reduction and decreased IGF-1 and leptin levels for wild type FVB/N mice brought up by mothers having reduced milk availability (Table 2) . Therefore, it cannot be excluded that the effects on IGF-1 are a secondary rather than a primary cause of growth retardation.
Overall, the comparison of these three different models of life-long 5-HT depletion showed that delays in somatic growth are common features of these three hyposerotonergia mouse strains. However there is a clear gradation in the severity of the effects. In the VMAT2 sert-cre and Tph2 −/− mice where there is a massive >95% depletion in brain 5-HT, the growth curve alterations were almost identical with normal weight at birth and most pronounced growth stunting occurring during the first 3 postnatal weeks corresponding to the preweaning period. A protocol previously shown to increase brain 5-HT levels in VMAT2 sert-cre mice and to normalize behavioral alterations 28 was found here to normalize postnatal growth defects. However, there was a relapse in growth deficit on interruption of the treatment, suggesting a continued requirement for 5-HT at least until the weaning period commences. Indeed, in both strains, a normalization of the growth curve rates occurred after weaning. In the third mouse strain, VMAT2 pet1-cre mice, which had a less pronounced depletion in 5-HT, a similar trend and temporal course of growth alterations were nevertheless observed, albeit to lesser degree. It is possible that such moderate transient growth retardation may exist in other hyposerotonergic mice, such as the R439H Tph2 knockin mice that have 80% decreases in 5-HT levels, although they were not reported to have growth abnormalities in adulthood. 37 Altogether, these observations support a causal role for central rather than peripheral 5-HT depletion in determining growth retardation, as this is the common feature of the three genetic models. This is also supported by previous observations that showed growth retardation in Pet1 −/− and Lmx1b pet1-cre mice, which have central 5-HT depletions due to defective development of raphe neurons. 27, 38 Despite the fact that all three mouse strains have life-long depletions of 5-HT, a striking common feature was the absence of visible alterations in their embryonic development, as reflected by the normal appearance and weight of embryos, and of pups at birth. This is unlike observations in mice born from Tph1 −/− mothers that display altered embryonic growth suggesting the importance of maternal sources of 5-HT for normal embryonic development. 21 It is thus likely that many different sources of 5-HT concur to maintain 5-HT-mediated signaling during embryonic life.
14,20 Bonnin et al. provided evidence that a large part of embryonic 5-HT in the forebrain before E12 is derived from the placenta. 39 Another possible explanation is that somatic growth relies on different trophic factors during embryonic and postnatal life, with embryonic growth being dependent on maternal and placental factors. 40 The mechanisms involved in the delayed growth phenotype in hyposerotonergic mice remains to be elucidated as our current investigations failed to provide a straightforward explanation. The growth phenotype bears resemblance to the one caused by general malnutrition as it is associated with dry skin, lack of adipose tissue, reduction in organ size, and decreases in IGF-1 and leptin levels. However, despite their emaciated appearance, both the VMAT2 sert-cre and the Tph2 −/− mouse pups had filled milk pouches and appeared to suckle normally, suggesting that they had no feeding abnormalities. In the preweaning period, these mice appeared to be voraciously hungry when any food was introduced into the cage. This is unlike what has been previously observed in the constitutive VMAT2-KO mice for instance, who had clear feeding abnormalities at birth with empty milk pouches and weak suckling activity. 22, 32 In the latter mutants, a causal role of dopamine deficits was suggested as these mice have massive depletions of brain catecholamines, in addition to 5-HT depletions, and normal feeding was not corrected by increasing brain 5-HT levels. 22 In both Tph2 −/− and VMAT2 sert-cre mice, procedures reducing competition among pups had beneficial effects on survival, but no visible effects on weight gain, suggesting that altered access to mothers' nipples/milk was not a primary cause of growth alterations. Altogether this suggested that an intrinsic metabolic defect may occur in hyposerotonergic mice. Indeed, telemetric measurement indicated an impaired body temperature and altered respiratory control in Tph2 −/− 23 and Pet1 −/− 41 mice, which may be an indirect cause of growth alterations. However, attempts to enrich the diet or to maintain the pups in normothermia had no visible effects on the growth phenotype in the Tph2 −/− mice. A possibility to explain why decreased 5-HT causes an exclusive deficit in growth during the early postnatal period could involve the control of the somatotropic axis and growth hormone (GH) secretion. GH synthesis was not altered in Tph2 −/− mice, however it is possible that secretion may be modified. Indeed, previous evidence indicated that 5-HT modulates GH release, either directly in the anterior pituitary gland 42 or indirectly via a hypothalamic control of GHRH and somatostatin (SST) secretion, which control GH release. 43 GH serum levels are particularly elevated during the first postnatal weeks and 5-HT control of GH secretion appeared to be particularly marked during this period. 44 This scheme could also help to explain the later normalization of the growth curve after weaning. SST is activated by 5-HT and represses GHRH, resulting in a net inhibition of GH release. This inhibitory 5-HT-SST circuit may become more important during postnatal life and could explain the compensation after weaning, since then the lack of 5-HT would derepress the secretion of GH.
Cortical Development in Hyposerotonergic Mice. To evaluate whether 5-HT depletion affects brain development, we conducted histological examination of postnatal brains in the three mouse strains. We focused on assessing cortical development because the cerebral cortex is one of the latest brain structures to mature. Moreover, clear indices of maturation, such as thickness of the cortical layers and cytoarchitectonic organization of the barrel cortex in the primary somatosensory cortex can readily be analyzed. VMAT2 sert-cre Mice. We measured body and brain weights from littermates at P3, P7, and P14; these brains were subsequently used for the histological analysis ( Figure 4A,B) . These data showed that there were no reductions in brain weights at P3, but a 17% reduction in brain weights occurred at P7 and P14 ( Figure 4B ). These reductions are less marked than body weight reductions (−40% at P7 and −70% at P14) ( Figure 4A ). (Figure 4C−F) . At P3, no differences in brain size were observed, whereas at P7 and P14 a significant reduction in brain sizes was noted, which was normalized by P31 ( Figure 4D) .
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Measures of total cortical width and the size of the supragranular layers II−IV were carried out on P3, P7, P14, and P31 brains. No differences were noted at P3 (Figure 4E ), while at P7 a significant 13% reduction of cortical thickness was found. This defect in cortical growth at P7 could be essentially due to the later maturation of the supragranular cortical layers since a 17% reduction in the thickness of the upper cortical layers was found ( Figure 4F ), whereas layers V−VI showed more moderate reductions (11%). At P14, the reductions were less marked with a nonsignificant (5%) reduction in total cortical width, and a 10% reduction in the width of upper cortical neurons. At P31, no changes were noted in any measures of cortical width (not illustrated).
Neurons fated to populate the upper cortical layers continue migrating during the first postnatal week. 46 To determine whether reduced cortical thickness at P7 could be due to delayed migration of layers II−III neurons, we performed Cux1 immunostaining, which selectively labels the upper cortical layer neurons 47 and Ctip2 to label layers V−VI. 48 No differences in the laminar position of Cux1-labeled (layers II−IV) and Ctip2-labeled neurons (layers V−VI) were noted in VMAT2 sert-cre mice compared to control mouse brains ( Figure  5 ). Measures of Cux1-labeled neurons on confocal sections at P7 showed a significantly increased density in layers II−IV (111%, n = 3 for VMAT2 sert-cre and n = 4 for controls), mainly due to a 24% increase in the density of the most superficial neurons, the latest to mature, in an overall tendency for an increased density. (Figure 5E,F) .
We examined more specifically the barrel cortex whose organization is perturbed in conditions of increased 5-HT signaling.
5 Somatosensory thalamocortical neurons transiently accumulate 5-HT during late embryonic and early postnatal life; 14 in VMAT2 sert-cre mice, no 5-HT was detectable in either thalamic neurons or their axons at P3, P7, or P10. However, thalamocortical axons showed an unchanged SERT expression compared to controls and formed normal patches that outline the whisker representation ( Figure 6C,D) . This normal topographic organization was also visible with other thalamocortical markers, such as vGlut2 or cytochrome oxidase (not shown). On the postsynaptic side, layer IV neurons formed normal barrel-like structures as visualized by Nissl staining or Cux1 immunostaining ( Figure 6G,H) . This organization, which involves a reorganization of neurons and their dendrites in layer IV, 49 was already visible by P5 in VMAT2 sert-cre mice similar to littermate controls. VMAT2 pet1-cre Mice. Measures of brain and cortical size were performed at P7 and P21 in VMAT2 pet1-cre mice and littermate controls at time points where significant reductions in body weights were observed (Figure 2A) . However, no significant effects on brain mass, thickness of the cerebral cortex or of the upper cortical layers were noted (Supporting Information Figure 3) . Tph2 −/− Mice. Brain weight and cortical growth were assessed in Tph2 −/− mice at P7 and P14 ( Figure 7) . Although no significant differences in brain weights were noted at P7, at P14 Tph2 −/− brain weights were reduced by 26% compared to those in control littermates ( Figure 7B ). The thicknesses of the somatosensory cortex (S1) and of layers II−IV were significantly reduced by 11% and 7%, respectively, at P7 ( Figure 7C ). At P14, the reduction in cortical layer II−IV width was still prominent without changes in overall cortical thickness.
Overall this characterization of cortical development in hyposerotonergic mice revealed a milder phenotype than what was anticipated from the severe somatic growth phenotype. In the VMAT2 pet1-cre mice, which have 70% reductions in brain 5-HT levels, no changes in overall brain and cortical growth were noted. While in the two mouse strains with >95% 5-HT depletions (the VMAT2 pet1-cre and Tph2 −/− mice), the magnitude of somatic growth deficit was much greater than the brain growth deficit. This relative preservation of brain growth relative to somatic growth has been found repeatedly and is similar to observations in malnutrition. 50−53 In the case of nutrient depletion, the relative preservation of brain growth to organ growth appears to be due to several mechanisms including a direct signaling of tyrosine kinases that is uncoupled from the mTOR pathway in the brain, 54 or differential regulation of the IGF1 pathway in the brain. 53 Thus, it appears that 5-HT would not be essential in such mechanisms preserving brain growth in the face of nutrient loss.
In terms of cortical development, the present observations suggest that the early phases of cortical development in D) were processed in parallel and immunostained for Cux1 and Ctip2. (E,F) At P7, the cortical region containing Cux1 labeled neurons was outlined (e.g., dotted shape in C) and subdivided in three regions: the more superficial 100 μm (a), the deepest 100 μm (c), and the intermediate region (b). Cux1 neuronal density was calculated in these regions, and compared between control and VMAT2 sert-cre P7 mice. The total density of Cux1 positive neurons was increased by 11% (p = 0.03), due to trend for an increased density in all regions, and particularly in the superficial region (a), where density was increased by 24% (p = 0.018).
embryonic life, such as neurogenesis and migration, are not modified by 5-HT depletion of central origin. As already discussed, it is possible that alternative embryonic sources of 5-HT, which are not targeted in the hyposerotonergic mutants, compensate for deficits in serotonin production and storage.
20, 39 Moreover, subtle alterations in neuronal migration or neurogenesis are likely to be missed by the present analysis which relies on global measures of cortical growth. Indeed, in previous studies where embryonic depletion of 5-HT was induced by pCPA administration, an altered migration of specific neuronal subtypes was observed, suggesting that some neuronal subtypes might be more sensitive to the effects of 5-HT depletion. 10 Conversely, the current study showed that serotonin depletion in postnatal life has consistent effects as it affected the maturation of the upper cortical layers in both the VMAT2 sert-cre and Tph2 −/− mice, with an increased compaction of the upper cortical layers at P7. These observations are consistent with previous observations of a delayed laminar differentiation after lesions of the 5-HT pathways in neonatal rats. 9 While it is difficult to disentangle a direct effect of 5-HT depletion on cortical growth from an indirect one, secondary to general growth retardation, the temporal course of both events suggests that they could be independently regulated. Indeed, overall hemispheric and cortical size normalized by P30, an age where there was still a significant growth retardation. The delay in cortical growth was most marked in the upper cortical layers which mature last during postnatal development. Protracted cell migration and dendrite maturation normally occurring during the first postnatal weeks, were both found to be modified by 5-HT depleting agents such pCPA administered during embryonic 10 or 5,7-DHT in postnatal life. 9 ,55 It will therefore be particularly interesting to analyze in greater detail the dendrite maturation of these neurons as they integrate into cortical circuits. However, it is noteworthy that despite the delayed growth of supragranular cortical layers, the maturation of layer IV neurons into barrel-like structures was not visibly altered or delayed in VMAT2 sert-cre mice, confirming that 5-HT is not required for barrel patterning, in contrast with the deleterious effects of excess 5-HT on this developmental process. 5, 6, 13, 22 These results also indicate that previous observations of altered barrel development in VMAT2-KO 22 or after neurotoxic lesions of 5-HT pathways 9 result from other causes than lowered serotonin signaling. Despite the lack of gross morphological defects in hyposerotonergic mice, it will be important to examine more closely neural circuit alterations that could mediate abnormal behavior in these mice. For instance, initially, studies indicated that a lack of 5-HT release had no visible effect on the development of raphe neurons nor their axonal arborization as shown in Tph2 −/− mice 23, 25 and VMAT2 sert-cre mice. 28 However, more recent investigations indicated region-specific alterations in branching of raphe axons in the context of 5-HT depletion.
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■ CONCLUSION
The present study showed that selective 5-HT depletion in the brain, whether due to reduced synthesis or to lack of vesicular storage, has consistent effects on the postnatal growth spurt, while essentially sparing embryonic growth. Moreover, severe 5-HT depletion causes a mild temporary retardation in the development of the upper layers of the cerebral cortex, with increased compaction of these layers but no alterations in barrel cortex development. Based on previous investigations, one may speculate that this abnormality is mainly due to altered dendritic growth, warranting future in depth investigations of these mutants. Despite the normal cytoarchitecture of the brain in hyposerotonergic mice, it is likely that reduced 5-HT signaling modulates the structure and function of neural circuits in ways that may significantly affect the behavioral traits of these mice. Interestingly, a number of behavioral phenotypes, such as increased impulsivity and learning deficiencies that have been observed in hyposerotonergic mice are also found after growth retardation caused by malnutrition. 50 It will therefore be of interest to determine whether common mechanisms underlie these alterations.
■ METHODS
Animals. Procedures involving animals and their care were conducted in accordance with directives of the European Community (Council directive 86/609). Ethical principles and guidelines for care and use of laboratory animals (adopted by the French Agriculture and Forestry Ministry and the German local authorities) correspond to the standards prescribed by the American Physiological Society.
The conditional deletion of VMAT2 under the control of the 5-HT transporter promoter (SERT) has previously been described. 28 Briefly, it was produced by crossing the VMAT2 lox mouse line (generated in the Giros laboratory; full description in ref 28 ) and the SERT cre mice (generated in the Hen Laboratory 56 ), maintained on a pure C57Bl/6 background. It is referred to as the VMAT2 sert-cre mouse line. To circumvent issues related to transient SERT induced recombination in brain regions other than the raphe, 31 a raphespecific inactivation of the VMAT2 gene was produced here by crossing VMAT2 lox mice with the Pet1 cre mouse line (generated in the Deneris laboratory). 29 As in the previous mouse line, VMAT2 lox/lox :Pet cre male mice were crossed to female VMAT2 lox/lox to generate control and recombined mice from the same litters. The colony was maintained on a C57Bl/6 background. The generation of Tph2-deficient (Tph2 −/− ) mice has been described in detail previously. 23 In the present study, Tph2 −/− mice were established on a FVB/N background (F12 generation backcross; Charles River, Germany). Analysis was performed in Tph2 −/− and Tph2 +/− littermates (referred as controls in this study), obtained from the cross of Tph2 +/− females with Tph2 −/− males. All mice were maintained in individually ventilated (IVC) cages, 34 × 19 × 13 cm 3 (Techniplast), at an ambient temperature of 22°C, under a standard 12 h light/dark cycle with free access to standard chow and drinking water ad libitum. The Tph2-deficient mice were maintained at the animal facility of MDC (Berlin, Germany), while the VMAT2 sert-cre and VMAT2 Pet1-cre mice were raised in a conventional animal house at the Institut du Fer àMoulin (Paris, France). In addition to these lines, control C57Bl/6 mice purchased from Charles Rivers were used for pharmacological studies with pCPA. Histological Analysis. Procedures differed slightly in the two associated laboratories that jointly did this analysis. Mice with conditional VMAT2 deletion were perfused transcardially at postnatal day (P)3, P7, P14, P21, and P30. Brain weight was measured after extraction. All brains were post fixed overnight in 4% paraformaldehyde, cryoprotected and serially sectioned. Frozen brains were cut on a freezing microtome to 60 μm thick sections. Alternate series were used for Nissl and cytochrome oxidase analysis, immunohistochemistry, and in situ hybridization. Immunostaining was done for 5-HT (1:50000, Sigma), rabbit anti-CDP/Cux1 (1:500, Santa-Cruz) to label cortical layers II−IV, and rat anti-Ctip2 (1:500, clone 25B6, Abcam) to label layers V−VI. Immunohistochemistry using fluorescent or horseradish peroxidase secondary antisera were performed as described. 28 Low power images were collected on a stereomicroscope (Olympus), and high power images on an Olympus (Provis) BX51 microscope. For postprocessing of some images PHOTOSHOP (Adobe Systems, Santa Clara, CA) was used.
Mice with Tph2-deletion were deeply anesthetized with isoflurane (Forane, Abbott, Wiesbaden-Delkenheim, Germany) and decapitated. Brains were removed from the skulls, weighed, post fixed in 4% paraformaldehyde at 4°C overnight, and cryoprotected in 30% sucrose. Sequential 14 μm coronal sections were cut on a cryostat (Leica CM3050S, Leica Microsystems, Wetzlar, Germany) and applied on glass slides. Sections were stained with cresyl violet for Nissl analysis. Three images and measurements were taken from both hemispheres of three animals for each genotype, and analysis of cortical thickness was performed using BII-Analysis (Keyence Microscope, BZ-9000 Series, Germany).
For the analysis of pituitary glands in 2-day-old Tph2-deficient mice, the same procedure was used as above but postfixation in 4% paraformaldehyde was done for 4 h followed by 2 h 30% sucrose. After a short wash in PBS, heads were embedded in Tissue-Tek O.C.T compound (Tissue-Tek, Sakura Finetek, Torrance, CA) and cryosectioned in 14 μm coronal sections. Sections were dried for 2 h at room temperature and then stored at −80°C. For immunohistochemistry, tissues were washed in PBS followed by PBST, and blocked with 10% normal donkey serum (Jackson Immuno Research laboratories, West Grove, PA). Slides were incubated overnight at 4°C with polyclonal rabbit antigrowth hormone (1:1000, Millipore Schwalbach/Ts., Germany). Anti-rabbit IgG secondary antibody conjugated with AlexaFluor488 (1:1000, Invitrogen, Darmstadt, Germany) was applied the next day. Fluorescence images were collected using a Leica DMI600B microscope and processed with Leica Application Suit software (version 4.3).
Growth Curves and Brain Morphology Analysis. Litters were examined daily to measure weight gain and behavioral changes. Drugs or saline were administered subcutaneously: clorgyline (10 mg/kg/ day), pCPA (100 mg/kg/day). For the analysis of embryonic stages, animals were mated, and females were checked for the presence of vaginal plug on the next morning. Embryos were dissected on E14 and E18, and weighed (the day of plug was taken as day 0.5).
Sizes of brain areas and cortical layers size were measured on Nissl or immunostained cortical sections. To measure the surface of a hemisphere, the midline was drawn and the outer surface of the brain was outlined using ImageJ software, to calculate the hemisphere surface. Two to three sections were analyzed at the level of the Figure  46 of the Paxinos atlas 45 to compute a mean for each case. Cortical layer thickness was measured on higher power pictures of the somatosensory cerebral cortex (X1.2) stained with Nissl. The layer II−VI cortical distance was measured using ImageJ. The bottom of layer IV was clearly visible both on Nissl staining and immunohistochemistry pictures, since Cux1 expression is limited to layer II−IV, and the somatosensory cortex layer IV and V cytoarchitecture are clearly different on Nissl staining. The layer II−IV distance was measured and considered as "superficial layer". Two measurements from each of the two hemispheres were done for each brain and averaged.
Confocal 2 μm thick sections through the primary somatosensory cortex were acquired on a Leica TCS (×16) microscope, keeping the same constants (laser power, pinhole) for acquisition of the 7 cases analyzed (n = 3 KO, n = 4 ctrl). All Cux1-labeled nuclei were counted within a 100 μm thick wide column spanning through the somatosensory cortex. All Cux1-labeled nuclei were counted within each of these columns using the cell counter ImageJ plug-in. Cux1 positive neurons volumetric density was calculated from these results.
IGF-1 and Leptin Measurements. IGF-1 and leptin levels were evaluated at postnatal day 35. Animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) intraperitoneal (i.p.) injections. Blood was taken transcardially. Twenty-five microliters of serum were used for IGF-1 measurement using a commercially available EIA kit (DSL-10-29000, Diagnostic Systems Laboratories). Fifty microliters of serum was used for the leptin measurement using a commercially available Leptin Kit (R&D, Cat.N. MOB00, Abington, U.K.).
High-Performance Liquid Chromatography for the Analysis of Monoamines. Following decapitation, brains were removed from the skulls and the hippocampus, striatum, prefrontal cortex, and midbrain were rapidly isolated on ice. After weighing, the tissue was homogenized and deproteinized in 300 μL of 0.2 N perchloric acid solution (500 μL for the midbrain). The homogenate was centrifuged at 15 000 rpm for 30 min at 4°C, and the supernatant was stored at −80°C. Neurotransmitters analysis was performed by high-performance liquid chromatography (HPLC) with a coulometric detector, as previously described (Doly et al., 2008) with minor modifications. Briefly, samples were appropriately diluted and injected into an HPLC system that consisted of a pump linked to an automatic injector (ESA model 542 autosampler, Chelmsford, MA), a reverse-phase column (MD-150 × 2 C18; 3 μm, 150 × 2 mm; ESA, Chelmsford, MA), and a coulometric detector (Coulochem III; ESA, Chelmsford, MA) with a 5014B cell to quantify tissue levels of 5-hydroxytryptamine (5-HT) and dopamine (DA). The composition of the mobile phase was 0.1 M NaH 2 PO4, 0.1 mM Na 2 EDTA, 1.5 mM octyl sodium sulfate, 0.25 mM triethylamine, and 10% (v/v) methanol and 5% (v/v) acetonitrile, pH 2.9. The sensitivity of the assay was tested for each series of samples using external standards. The first electrode was set at −175 mV and the second electrode at +175 mV. The gain of the detector was set at 500 pA. The signal of the second electrode was used to quantify all compounds by comparison of the area under the peaks with the area of reference standards with specific HPLC software (Azur, version 4.6, Datalys, France). The flow rate was set at 0.7 mL/min. 
